There is growing evidence that the host innate immune system has a critical role in regulating carcinogenesis, but the specific receptors involved and the importance of their interaction with commensal bacteria need to be elucidated.
The Innate Immune Receptor Nod1 Protects the Intestine from Inflammation-Induced Tumorigenesis Introduction
The association between inflammation and cancer has long been recognized, although the molecular basis for this is only beginning to be understood (1, 2) . One of the best known examples of inflammation-associated carcinogenesis is the significantly increased risk of colon cancer development in patients with inflammatory bowel disease (3) . Innate immune signaling has been implicated in the pathogenesis of inflammatory bowel disease, and there is also growing evidence that it has a critical role in both intestinal homeostasis and tumorigenesis (4) (5) (6) (7) (8) . However, the specific innate immune receptors involved in the regulation of inflammation-induced colon carcinogenesis remain to be elucidated.
Two major classes of innate immune receptors, the Toll-like receptors (TLR), located on the extracellular surface, and the cytoplasmic Nod-like receptors (NLR), are involved in the detection of intestinal bacteria (reviewed in refs. 9, 10). These pattern recognition receptors, or PRRs, recognize conserved microbial components, known as pathogen-associated molecular patterns, such as peptidoglycan or lipopolysaccharide, and upon stimulation by their respective agonists, result in the activation of inflammatory pathways (9) . Nuclear factor-nB (NF-nB) is one of the key downstream effectors of PRR signaling (11, 12) , and therefore, activation of the innate immune system likely has a critical role in inflammation-associated colon tumorigenesis. Understanding how innate immune signaling pathways within the gut respond to bacteria and modulate NF-nB activation during the inflammatory response may provide clues to the process of colon cancer initiation and progression associated with inflammatory bowel disease.
Nod1 is an NLR that is expressed ubiquitously in both intestinal epithelial and immune cells and recognizes a peptidoglycan-related moiety produced by many bacteria (13, 14) . Nod1 agonists have also been detected in intestinal luminal contents, likely representing secreted products from the gut microbiota (15) . Nod1 has, for example, a significant role in the host defense against pathogenic agents such as Helicobacter pylori (16, 17) . Interestingly, in certain populations, Nod1 polymorphisms have been associated with susceptibility to inflammatory bowel disease (18) , suggesting a possible role for Nod1 in the pathogenesis of inflammatory bowel disease. Nod1 stimulation results in the activation of both NF-nB and mitogen-activated protein kinase (MAPK) pathways (19, 20) , and we therefore hypothesized that it may play a role in colitisrelated tumorigenesis. Here, we report that Nod1 deficiency results in increased inflammation-induced colon tumor formation in mice. In the absence of Nod1 signaling, there is increased intestinal permeability and inflammation as a result of chemically induced epithelial injury by dextran sulfate sodium (DSS). The increased intestinal inflammation is associated with increased epithelial proliferation within colonic crypts. Together, our results suggest that Nod1 may be important in maintaining the integrity of the intestinal epithelium to protect it against injury, inflammation, and subsequent carcinogenesis.
Materials and Methods

Mice. Apc
Min/+ (The Jackson Laboratory) mice on a C57BL/6 background were crossed to Nod1 À/+ mice (at least N5 on C57BL/6 background) to generate Apc +/À Nod1 +/+ and Apc Min/+ Nod1 À/À littermates. Nod1 À/À mice in C57BL/6 background were previously described (21) . Mice were bred and maintained under specific pathogen-free conditions, and all animal experiments were approved by the University's Committee on Use and Care of Animals. Inflammation-induced colon tumorigenesis. Eight to 12-week-old mice were injected i.p. with 10 mg/kg of azoxymethane (Sigma). Water containing 2% DSS (molecular weight, 36,000-50,000; MP Biomedicals) was administered on day 5 for 5 days followed by 16 days of water. This was repeated twice. Mice were sacrificed 3 weeks after the end of the third cycle of DSS or at the end of 10 weeks. For Apc Min/+ or Apc Min/+ Nod1 À/À mice, only 2% DSS was given for 7 days, and mice sacrificed 5 weeks later for tumor counting. After sacrifice, colons were harvested, flushed of feces and longitudinally slit open to grossly count tumors with the aid of a magnifier and stereomicroscope. Inflammation. Colons were harvested from mice, flushed free of feces and jelly-rolled for formalin fixation and paraffin embedding. Fivemicrometer sections were used for H&E staining. Histologic assessment was performed in a blinded fashion by using a scoring system as described previously with some modifications (22) . Briefly, a three-to four-point scale was used to denote the severity of inflammation (0, none; 1, mild; 2, moderate; and 3, severe), the level of involvement (0, none; 1, mucosa; 2, mucosa and submucosa; and 3, transmural), and extent of epithelial/crypt damage (0, none; 1, basal 1/3; 2, basal 2/3; 3, crypt loss; 4, crypt and surface epithelial destruction). Each variable was then multiplied by a factor reflecting the percentage of the colon involved (0-25%, 26-50%, 51-75%, and 76-100%), and then summed to obtain the overall score. Changes in the colon length with DSS treatment was determined by measuring the length from the anus to cecum and comparing with the colon length in agematched and sex-matched untreated mice.
Proliferation. Mice were injected i.p. with 100 mg/kg of bromodeoxyuridine (BrdUrd; BD PharMingen) 2.5 h prior to sacrifice. Colons were then dissected free and jelly-rolled, formalin-fixed, and paraffin-embedded. Sections were subsequently stained for BrdUrd using the BrdUrd in situ detection kit (BD Biosciences).
Apoptosis. Colon sections were assessed for apoptotic cells using the ApoAlert DNA fragmentation assay kit.
RNA isolation and real-time PCR. Colonic tissue was homogenized, and total RNA isolated using the Nucleospin RNA kit (Macherey-Nagel). cDNA synthesis was performed using iScript (Bio-Rad) and the cDNA was then used for quantitative PCR using either SYBR Green or TaqMan Gene Expression Assay on the ABI 7900HT.
Organ cultures. Fifty to 100 mg of colon tissue from individual mice were cultured in 1 mL of serum-free RPMI containing penicillin and streptomycin. After 24 h, the supernatants were harvested for ELISA measurements of IL-6 and MIP-2.
Western blot analysis. Colonic protein was extracted using the Nucleospin RNA/protein kit (Macherey-Nagel). Proteins were separated by SDS-PAGE, and immunoblotting was performed by using antibodies against p-InB-a (Cell Signaling), p-ERK (Cell Signaling), and tubulin (Sigma).
Intestinal permeability. Mice were fasted for 4 h with the exception of drinking water prior to the administration of 0.6 mg/kg of FITC-dextran (4 kDa; Sigma). Serum was collected retro-orbitally 4 h later, diluted 1:3 in PBS, and the amount of fluorescence was measured using a fluorescent spectrophotometer with emission at 488 nm and absorption at 525 nm.
Depletion of gut microbiota. Mice were initially given a 4-week treatment of 1 g/L of ampicillin, 0.5 g/L of vancomycin, 1 g/L of metronidazole, and 1 g/L of neomycin for 4 weeks. Due to only modest intestinal depletion as assayed by fecal cultures, mice were subsequently switched over to a different antibiotic cocktail of 2 g/L of streptomycin, 0.17 g/L of gentamicin, 0.125 mg/L of ciprofloxacin, and 1 g/L of bacitracin which was maintained for the duration of the experiment. Intestinal depletion was assessed by collecting feces, homogenizing in PBS, serially diluting and plating on trypticase soy agar with 10% sheep blood (Fisher Scientific) for 48 h at 37jC aerobically and in anaerobic chamber (AnaeroPack System).
Statistical analysis. All statistics were performed using the two-tailed Student's t test. Errors are expressed as SE, and statistical significance was defined as P < 0.05.
Results
Nod1 deficiency results in increased inflammation-induced colon tumors. To determine the role of Nod1 in inflammationassociated colon tumorigenesis, we used a mouse model which recapitulates the progression from chronic colonic inflammation to dysplasia to adenoma and finally to adenocarcinoma in humans (23, 24) . In this model, wild-type B6 and Nod1 À/À B6 mice were injected with the chemical carcinogen, azoxymethane, followed by repeated administration of water containing 2% DSS, which causes intestinal epithelial cell injury resulting in colonic inflammation. Because Nod1 stimulation results in the activation of NF-nB, which has previously been shown to promote colitis-associated tumorigenesis (23), we hypothesized that the lack of Nod1 signaling would result in decreased tumor formation in the setting of chronic inflammation. Surprisingly, we observed a 200% increase in tumor incidence in Nod1-deficient mice compared with the wild-type group (Fig. 1B) . The tumors were broad-based noninvasive adenomas with dysplastic changes ( Supplementary Fig. S1 ) and were located primarily in the distal colon and rectum in both Nod1-deficient and wild-type mice. Furthermore, tumors that developed in Nod1-deficient mice were also significantly larger ( Fig. 1A and C) . Thus, these results suggest that Nod1 signaling may be important in suppressing the development of inflammationinduced colon tumors. Nod1 and the Apc tumor suppressor cooperate in colitisassociated tumorigenesis. Mutations in the Apc tumor suppressor gene occur in f80% of sporadic human colon cancers and results in the constitutive activation of the Wnt pathway that regulates intestinal epithelial stem cell renewal and proliferation (25) . Apc Min/+ mice, which harbor a mutation in Apc, develop spontaneous tumors primarily within the small intestine; however, when treated with DSS for 7 days, the number of tumors that form in the colon significantly increase (26, 27) . In this model, colon tumors form within 5 weeks and do not require the use of azoxymethane. To determine whether the Wnt pathway contributes to the increased tumorigenicity seen in Nod1-deficient mice, we generated Apc Min/+ mice that were also deficient in Nod1. These mice were treated only with DSS for 7 days and sacrificed 5 weeks later to count the number of visible tumors in the colon. Similar to that observed with Nod1 À/À mice treated with azoxymethane followed by DSS, Apc Min/+ Nod1 À/À mice developed more tumors compared with those in Apc Min/+ mice, suggesting that Nod1 deficiency potentiates the tumor-promoting effect of dysregulated Wnt signaling and that both pathways play a role in inflammationinduced colon tumorigenesis (Fig. 2) . Thus, these results indicate that Nod1 signaling limits inflammation-related colon tumor development in response to genomic stress from chemical carcinogenesis or through loss of the Apc tumor suppression function as seen in sporadic human colon cancers.
Severity of chemically induced colitis is increased with Nod1 deficiency. To investigate how Nod1 protects against colon tumor development, we examined whether wild-type and Nod1-deficient mice exhibited differences in the acute inflammatory response during the first 2 weeks after initiation of treatment with azoxymethane followed by 2% DSS. Compared with wild-type mice, Nod1-deficient mice had greater weight loss and were slower to recover their weight after DSS treatment, suggesting that Nod1 À/À mice developed colitis of greater severity compared with wild-type (Fig. 3A) . Also, the colons of Nod1-deficient mice were shortened to a greater extent compared with wild-type mice ( Supplementary Fig. S2A ). Consistently, Nod1-deficient mice had higher histologic scores of inflammation ( Fig. 3B and C ; Supplementary Fig. S2B ).
Nod1 deficiency results in increased proinflammatory mediator production and increased intestinal epithelial proliferation. To determine the mechanism governing the increased severity of colitis observed with loss of Nod1 signaling, colonic mRNA expression levels of various inflammatory cytokines and chemokines in wild-type and Nod1
À/À mice were compared after completion of the first cycle of DSS. As shown in Fig. 4A , induction of proinflammatory mediators was generally greater in Nod1-deficient mice compared with wild-type mice especially on days 11 and 12, consistent with the increased severity of colitis observed histologically on those days. Because the transcription of inflammatory cytokines is largely mediated by the NF-nB and MAPK signaling pathways (9), the activation of NF-nB and MAPK signaling pathways was also assessed on days 11 to 13. In Nod1
mice, there were greater levels of p-InB-a and p-ERK, suggesting increased activation of NF-nB and MAPK pathways, respectively, which is consistent with the observed pattern of cytokine (n = 6) littermates. Statistical analysis was performed using two-tailed Student's t test. Columns, mean; bars, SE; *, P < 0.01. (n = 17) mice. B, number of colonic tumors between wild-type and Nod1 À/À mice. Tumors within the colon were counted with the assistance of stereomicroscopy. C, measurement of largest dimension of tumor (mm) was performed using calipers. Statistical analysis was performed using two-tailed Student's t test. Columns, mean; bars, SE; *, P < 0.05. production ( Fig. 4A and B) . Similarly, colon organ cultures showed increased protein levels of the inflammatory cytokine IL-6 and MIP-2 in Nod-deficient mice compared with that in wild-type ( Supplementary Fig. S3 ). These results suggest that in the absence of Nod1, there is an overexuberant inflammatory response associated with NF-nB and MAPK activation by Nod1-independent signaling pathways.
To investigate whether the increased inflammatory response promotes greater cellular proliferation, thereby increasing susceptibility to tumor formation, mice were injected with BrdUrd 2.5 h prior to sacrifice on day 13, 3 days after the completion of the first cycle of DSS when mice exhibit recovery in their weight, and histologically, when regenerating colonic crypts are present. Based on immunohistochemical analysis, greater levels of proliferating intestinal epithelial cells were observed within the colonic crypts in Nod1 À/À mice compared with that in wild-type ( Fig. 4C and D) .
Thus, these results suggest that Nod1 signaling is important in protecting against chemically induced injury such that its absence leads to increased inflammatory cytokine production and epithelial proliferative activity.
A role for Nod1 in maintaining the integrity of the intestinal epithelial barrier. Given the increased histologic epithelial destruction seen in Nod1
À/À mice, we subsequently investigated whether azoxymethane/DSS treatment resulted in increased intestinal epithelial apoptosis and intestinal permeability in Nod1-deficient mice. Indeed, higher levels of surface intestinal epithelial cell apoptosis were observed in Nod1 À/À mice compared with that in wild-type mice by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling early on during DSS treatment (day 8) prior to the development of histologically discernible inflammation ( Fig. 5A and B) . The increased apoptosis was observed primarily in intestinal epithelial cells along the luminal surface of the colon (Fig. 5A) , and therefore, likely reflects an increased susceptibility to DSS-induced epithelial cell injury that occurs in the absence of Nod1 signaling. We next hypothesized that the increased levels of apoptotic cells within the luminal surface epithelium would be associated with enhanced intestinal permeability. To directly test this hypothesis in vivo, FITC-labeled dextran was administered to Nod1 À/À and wild-type mice on day 10 after the completion of a 5-day course of DSS. As FITC-dextran is not actively absorbed by the gut, the amount of fluorescence detected in the serum is a direct measure of intestinal permeability in vivo. As shown in Fig. 5C , Nod1
À/À mice showed greater intestinal permeability with higher levels of fluorescence measured in the serum compared with wild-type animals. Altogether, these results suggest that the increased colonic inflammation seen in Nod1-deficient mice is associated with a compromise in the integrity of the intestinal epithelial barrier as reflected by the increased levels of surface epithelial apoptosis and increased intestinal permeability. The gut microbiota contributes to increased colitisassociated tumorigenesis with Nod1 deficiency. The previous data indicate that loss of Nod1 signaling leads to disruption of the intestinal epithelium after DSS treatment, which is associated with greater intestinal permeability (Fig. 5C ). Therefore, whether depletion of the gut microbiota in Nod1 À/À mice ameliorates the process of inflammation and tumorigenesis was examined. First, mice were treated with an antibiotic cocktail for 2 months, resulting in a greater than 2 log-fold depletion of anaerobic intestinal bacteria, which comprise the majority of the gut microbiota (Fig. 6A) . Next, mice were treated with azoxymethane and DSS to induce tumor formation as previously described. Interestingly, Nod1 À/À mice treated with antibiotics developed cecal swelling with thinning of the colonic mucosa similar to that B, severity of colitis of Nod1 À/À and wild-type mice on days 11 to 13 of azoxymethane/DSS protocol was assessed by histologic scoring on three major categories, encompassing the extent of epithelial damage, inflammatory cell infiltration, and extent of colon involved (n = 5/group). C, representative images of mucosal injury and superficial mucosal erosion (single arrowheads ) and inflammatory cell infiltration with submucosa edema (double arrowheads ) in Nod1 À/À and wild-type mice. Notice increased edema and number of inflammatory cells in the submucosa of Nod1 À/À mice as well as areas of mucosal hemorrhage (original magnification, Â100). Statistical analyses were performed using two-tailed Student's t test. Columns, mean; bars, SE; *, P < 0.05; c, P = 0.09. observed in mice raised in germ-free conditions (data not shown). There was subsequently greater mortality with DSS-induced colitis likely resulting from severe intestinal hemorrhage and confirming the importance of the gut microbiota in intestinal homeostasis (6, 28) . As seen in Fig. 6B and C, intestinal depletion of bacteria by antibiotic treatment of Nod1-deficient mice resulted in a dramatic suppression of intestinal tumor formation, especially within the transverse colon. These results indicate that in the context of Nod1 deficiency, the gut microbiota contributes to the increased tumorigenesis.
Discussion
In this study, we show for the first time a role for an NLR family member, specifically Nod1, in the regulation of colitis-associated colon tumorigenesis. Nod1 deficiency promotes increased tumor initiation and progression in the context of inflammation and dysregulated Wnt signaling, which is seen in the majority of human colon cancers. The data further support a role for Nod1 in the maintenance of the intestinal epithelial barrier such that in the absence of Nod1, a series of events occur in response to chemical injury, i.e., (a) increased surface epithelial apoptosis associated with enhanced intestinal permeability, (b) runaway inflammation with up-regulated proinflammatory cytokine production likely in response to bacterial translocation across a disrupted epithelial barrier, and (c) increased cellular proliferation that can predispose to tumorigenesis.
Although Nod1 was previously suggested to have tumor suppressor properties, as shown in a breast cancer xenograft mouse model, the mechanism for tumor suppression in that system seems to be different from that observed in the current study of colon tumors (29) . In the breast cancer model, a retrovirally mutated MCF-7 clone that disrupted Nod1 expression showed enhanced tumor growth when implanted subcutaneously in severe combined immunodeficiency mice (29) . This phenotype was related to the fact that the xenograft was less responsive to estrogen-induced tumor growth and that the MCF-7 clone with disrupted Nod1 expression was less sensitive to apoptosis in vitro (29) . Our results point to a crucial role for Nod1 in protecting against tumor development within the colon through an entirely different mechanism, that is, by protecting the intestinal epithelial barrier against injury, bacterial translocation, and colitis. This function is likely organ-specific because the colon requires the coexistence of commensal bacteria and the host, and therefore, represents a profoundly different environment from that of the mammary gland. Thus far, the protective Figure 4 . Nod1 deficiency results in increased proinflammatory mediator production followed by increased intestinal epithelial proliferation. A, relative colonic mRNA expression of various proinflammatory mediators in Nod1 À/À and wild-type mice (n = 5 per group) on days 11 to 13 of azoxymethane/DSS protocol. Relative expression of genes was normalized to two housekeeping genes (b-actin and HPRT ). B, Western blot analysis of p-InB-a and p-ERK on days 11 to 13 of azoxymethane/DSS protocol. C, representative images of BrdUrd staining in Nod À/À and wild-type mice on day 13 by immunohistochemistry (original magnification, Â200). D, number of BrdUrd-staining epithelial cells per crypt in a 200 crypt count in Nod1 À/À and wild-type mice (n = 4 per group) on day 13 of the azoxymethane/DSS protocol. Statistical analyses were performed using two-tailed Student's t test. Columns, mean; bars, SE; *, P < 0.05; c, P = 0.05.
role of Nod1 against colonic tumor development is evident only in the context of chronic injury and inflammation because no differences in spontaneous colonic tumor development have been observed between Nod1
À/À and wild-type mice (data not shown). Whether Nod1-deficiency results in increased spontaneous intestinal tumor formation in Apc Min+/À mice is under current investigation.
Nod1 is expressed in both intestinal epithelial and nonepithelial cells (30) (31) (32) ; however, our data support an important role for Nod1 signaling, primarily in the intestinal epithelial cell, although we cannot exclude the possibility that Nod1 also exerts its protective effect through nonepithelial cells. Given the increased levels of DSS-induced surface epithelial apoptosis, the current data suggests that Nod1 promotes survival in the intestinal epithelial cell and protects the colonic lining from chemically induced injury. The precise mechanism by which Nod1 regulates intestinal epithelial cell apoptosis is as yet unclear. One possibility is that, because Nod1 stimulation results in the activation of NF-nB (12) , its protective function is mediated by NF-nB. NF-nB is also an important regulator of cell survival (33, 34) , and more importantly, has previously been shown to have a crucial role in maintaining the integrity of the intestinal epithelium, specifically through the adaptor molecule NEMO, such that its deletion in mice resulted in increased intestinal epithelial apoptosis and spontaneous colitis (35) . Similarly, in a different study evaluating the role of NF-nB in colitis-induced tumorigenesis, down-regulation of NF-nB in intestinal epithelial cells also promoted apoptosis (23) . Nod1 may also protect the intestinal epithelium through other mechanisms that are not necessarily NF-nB-dependent. For example, Nod1 has been shown to regulate the induction of antimicrobial peptides such as the defensins (16, 32) , which have been implicated in having an important role in epithelial wound repair and injury as well as in the host defense against invasive bacteria in the intestinal tract (8, 36) .
As a consequence of increased intestinal permeability after DSS treatment, we hypothesize that bacteria can translocate into the intestinal mucosa of Nod1-deficient mice and induce an exacerbated inflammatory cytokine response. Consistently, antibiotic-treated Nod1-deficient mice develop fewer tumors compared with untreated Nod1-deficient mice. We have shown that the increased inflammatory response in Nod1-deficient mice is associated with activation of both NF-nB and MAPK pathways, which can lead to increased tumorigenesis (23) . Our data suggest that Nod1 signaling limits the inflammatory response by protecting the intestinal epithelium against DSS-induced apoptosis and subsequent penetration by luminal bacteria. This mechanism does not preclude the possibility that once the epithelial barrier is breached by DSS treatment, innate immune signaling through Nod1 limits the number of bacteria that permeate the barrier. Regardless, the up-regulation of NF-nB and MAPK during the inflammatory response in Nod1-deficient mice obviously occurs independently of Nod1 signaling, and therefore, is most likely mediated by other PRRs, which include the TLRs and other NLRs. One hypothesis is that the responsible PRRs behind the inflammatory response to microbial infiltration are associated with the myeloid rather than the epithelial cell. Consistent with this hypothesis, it was previously shown that after azoxymethane/ DSS treatment, inactivation of NF-nB in myeloid cells rather than intestinal epithelial cells resulted in decreased inflammatory cytokine production and tumor progression (23) . Thus, our results suggest the possibility that different innate immune pathways function differently to regulate colitis-associated tumor development. On the one hand, innate immune signaling through Nod1 is important for intestinal epithelial integrity and protection against bacterial translocation, whereas other innate immune pathways, such as the TLRs, may be involved in the inflammatory response to microbiota and further promote tumor formation. In fact, a colitis-associated tumor-promoting effect by TLRs has recently Figure 5 . Nod1 deficiency results in increased surface epithelial apoptosis and enhanced intestinal permeability. A, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling stain of colonic tissue from age-matched and sex-matched wild-type and Nod1 À/À mice on day 0 (untreated, n = 5 per group) and day 8 mice (n = 10 per group; original magnification, Â400). Single arrowhead, surface epithelium lining the lumen of the colon. B, apoptotic index was assessed by counting the number of apoptotic surface epithelial cells per crypt in a 500 crypt count on day 8 of the azoxymethane/DSS protocol. C, serum fluorescence intensity in age-matched and sex-matched Nod1 À/À and wild-type mice (n = 5 per group) after administration of FITC-dextran on day of completion of the first cycle of DSS (day 10). Statistical analyses were performed using two-tailed Student's t test. Columns, mean; bars, SE; *, P < 0.05. been shown in a similar colitis-associated tumorigenesis mouse model (37) .
Our results support the concept that the gut microbiota can have dichotomic roles in that it can promote inflammation and tumorigenesis in the context of an impaired epithelial barrier, but by providing signals to an intact Nod1, may also protect against colon tumorigenesis. It has previously been shown that individual strains of commensal bacteria have differential effects on promoting or suppressing inflammation, and consequently, changes in the constitution of commensal bacteria such as by the administration of probiotics or selective antibiotics can change host susceptibility to inflammation and tumorigenesis in experimental colitis models (38) (39) (40) . The molecular mechanisms by which certain commensal bacteria influence the development of colitis and tumorigenesis are not well-understood, and may include increasing barrier function, altering the composition of the gut microbiota, and modulating innate immune and T-cell responses (39, (41) (42) (43) . The intestinal luminal contents contain high levels of Nod1-stimulating activity likely produced by the gut microbiota (15) . Our data suggests that commensal bacteria are capable of protecting the intestinal epithelial barrier through Nod1 stimulation to limit injury to the intestinal epithelium. Our results also raise the interesting possibility that commensal bacteria which can specifically activate Nod1 are more protective against the development of colonic tumors than bacteria that have low Nod1 activity. Therefore, an important implication of this study is to investigate, in the future, the use of Nod1 agonists or probiotics with high Nod1-stimulatory activity to reduce colon cancer in the setting of inflammatory bowel disease.
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No potential conflicts of interest were disclosed. À/À mice that were or were not treated with antibiotics (Abx ). B, number of tumors in colons from Nod1 À/À mice treated with antibiotics (n = 20 with 55% mortality during DSS treatment, final n = 9) and Nod1 À/À mice not treated with antibiotics (n = 15). C, representative images of the descending colon/proximal rectum and distal rectum/anus. Statistical analyses were performed using two-tailed Student's t test. Columns, mean; bars, SE; *, P < 0.05.
